The replication of Mouse Elberfeld (ME) virus was accelerated when HEp-2 cells were mixedly infected with poliovirus in the presence of guanidine. The latent period of the replication of ME virus was shortened by 3 h when cells were preinfected for at least 2 h with poliovirus and inhibited by guanidine. Simultaneous infection with poliovirus and ME virus resulted in a shortening by 1 h of the latent period of ME virus replication. The accelerated replication of ME virus was shown to be due to modification and exploitation of a membrane complex induced by poliovirus in the presence of guanidine; on superinfection ME virus successively modified this potiovirus-induced complex of 470S ('light' complex) into a 'heavy' complex of 700S specific for ME virus.
INTRODUCTION
Picornaviruses induce a shut-off of cellular protein and RNA synthesis shortly after infection (for review, see Lucas-Lenard, 1979) . Investigations of mixed infections with two different enteroviruses showed that the cellular synthesizing capacity is not necessarily exhausted by one virus, since, in spite of shut-off, both enteroviruses were found to be extensively produced in certain cases (for review, see Cantell, 1968) . In most cases, however, the replication of virus was reduced by interference (Drake, ~1958; Pohjanpelto & Cooper, 1965) .
Most mixed infections with different enteroviruses, performed either as simultaneous double infections or superinfections in timed order, were carried out in the presence of the antiviral drug guanidine-HC1. Guanidine suppresses the RNA synthesis of several picornaviruses by inhibiting the viral RNA polymerase (Baltimore et al., 1963 ; for review, see Seghal & Tamm, 1980) . The following phenomena have been demonstrated by using mixed infections with serologically related and/or unrelated enteroviruses: (i) genetic recombination resulting in progeny virus with genetic properties of both parents (Hirst, 1962; Ledinko, 1963; Cooper, 1968 , Pringle et al., 1970 ; (ii) phenotypic mixing resulting in progeny virus sharing structural properties of both parents (genetically unstable) (Itoh & ~3.elnick, 1959; Ledinko & Hirst, 1961; Cords & Holland, 1964b; Ikegami et al., 1964; Wecker & Lederhilger, 1964a) ; (iii) complementation resulting in rescue of a suppressed virus by an assisting one (Agol & Shirman, 1964; Cords & Holland, 1964c; Ikegami et al., 1964; Cooper, 1965) . One case of complementation with different strains of poliovirus showed that mixed infection may also result in a shortened latent period of replication of one of the viruses (Wecker & Lederhilger, 1964 b) .
Viral interdependence of one of these three kinds is uncommon in mixed infections between different genera of picornaviruses. Only one case of phenotypic mixing has been observed 0022-I317/81/0000-4392 $02.00©1981SGM (foot-and-mouth disease virus/bovine enterovirus; Trautman & Sutmoller, 1971) whereas genetic recombination and complementation have not hitherto been detected. The guanidine-resistant cardiovirus, mengovirus, has been shown to replicate in guanidine-treated cells preinfected with the guanidine-sensitive enterovirus, poliovirus type 1 (McCormick & Penman, 1968) . Under these conditions poliovirus remains suppressed whereas mengovirus replicates normally. However, earlier investigations by our group showed that there may be an interdependence between picornaviruses of different genera in such mixed infections (Diefenthal et al., 1973) since when cells are infected in the presence of guanidine with drug-sensitive poliovirus type 1 and subsequently superinfected with the drug-resistant cardiovirus, Mouse Elberfeld (ME) virus, ME virus is produced with a shortened latent period.
In the studies presented here we analysed in detail the dependence of the change of ME virus replication on the duration of preinfection with poliovirus in the presence of guanidine. We showed that the latent period of ME virus can be shortened by a maximum of 3 h. This effect was shown to be due to modification and exploitation of a membrane complex induced by poliovirus in the presence of guanidine. Complementation, phenotypic mixing and genetic recombination between the viruses were shown not to apply, so that the contribution of cytoplasmic membranes in viral replication, as already well documented for single infections with poliovirus and EMC virus (Caliguiri & Tamm, 1970a, b; Rosenberg et al., 1979 ; for review, see Levintow, 1974) , could be analysed under conditions of superinfection.
METHODS

Cells and viruses.
Monolayers of HEp-2 cells were grown in Eagle's minimal essential medium (MEM) (Gibco) supplemented with 1.7 g/l bicarbonate, 5 % newborn calf serum (NCS) (Flow Laboratories), heat-inactivated for 30 min at 56 °C, and antibiotics (penicillin G, 100 units/ml; streptomycin sulphate, 100 gg/ml; nystatin, 25 units/ml). Poliovirus type 1 (strain Mahoney) and ME virus (laboratory strain) were used throughout.
Superinfection experiments. Following the procedures described earlier (Diefenthal et al., 1973 ) the sequence of infections was as follows. (i) Preinfection with poliovirus: semiconfluent HEp-2 cells were infected with poliovirus at an m.o.i, of 20 p.f.u./cell at 37 °C. Cells had been passaged 1 day before use in plastic Petri dishes (5.8 cm diam. for determination of replication kinetics, 14.5 cm diam. for fractionation of cellular membranes; Nunc, Roskilde, Denmark and Greiner, Nfirtingen, Germany respectively). The inoculum in Eagle's MEM without NCS contained 2.6 mM-guanidine-HC1 (Schwarz/Mann, Orangeburg, N.Y., U.S.A.). After adsorption for 30 min the inoculum was replaced by Eagle's MEM with 5 % NCS supplemented with guanidine. (ii) Superinfection with ME virus: after different periods of preinfection as indicated in the respective experiments, the cells were superinfected with ME virus in the presence of guanidine. The conditions of inoculation, the m.o.i, chosen, and the media used were as described above. The duration of superinfection is indicated in each experiment. The process of infection was halted by chilling the cultures on ice. Cells were harvested by removing the monolayers with a rubber policeman.
Determination of replication kinetics. Cells and supernatant were frozen (--70°C) and thawed thrice to release virus from the cells. Plaque titration was performed on HEp-2 cells according to Dulbecco (1952) . In a modification of the procedure for titration of EMC virus (Liebhaber & Takemoto, 1961 ) the agar was supplemented with DEAE-dextran (0.01% final concentration; Pharmacia) for ME virus titration. To differentiate between the progenies of poliovirus and ME virus in the superinfection experiments, the agar was either supplemented with 2.6 mM-guanidine-HC1 (to suppress reproduction of poliovirus) or free of DEAEdextran (to inhibit plaque formation of ME virus). In some experiments the progeny virus of superinfection was incubated prior to plaque titration with 0.1 M-NaC1 for 60 rain at 37 °C in a medium that was adjusted to pH 6 with phosphate buffer (0.1 M). According to Rueckert Polio-induced membranes exploited by ME virus 267 (1971) ME virus, but not poliovirus, is inactivated under these conditions. In some cases the progeny virus was incubated with antisera against poliovirus to test its antigenicity. The pretreated progeny was analysed in micro-neutralization assays. The antisera were raised against u.v.-inactivated poliovirus type 1 (Mahoney) in rabbits. Sera of two rabbits were tested.
Fractionation of cellular membranes. The.procedures of Penman et aL (1963) and Fenwick & Wall (1972) were modified as follows: immediately after removal from the Petri dishes the cells were sedimented for 5 min at 1000 g, resuspended in 2 ml ice-cold phosphate buffer according to S6rensen (1/15 M-phosphate pH 7.2) with 4 mM-magnesium acetate, and allowed to swell for 1Q min. The cells were disrupted by homogenization (30 strokes) in a tight fitting Dounce homogenizer. The cell homogenate was layered on a preformed sucrose density gradient [25 to 60% (w/w) in 10 mM-tris-HCl pH 7.2, 10 mM-MgC12, 80 mM-KC1] with a cushion of 1 ml 60% sucrose. In controls, aliquots of the homogenate were incubated with sodium deoxycholate (DOC) (0.5 % final concentration) to dissociate membranes according to Penman et al. (1963) . After separation for 3.5 h at 40000 rev/min (220000 gay) in an SW40 rotor (Spinco, Beckman) the gradients were monitored at 260 nm in a flow-through spectrophotometer (Isco, Lincoln, Nebraska, U.S.A.) and fractionated into portions of 10 drops. All procedures were carried out at 4 °C.
For analysis of the morphology of the membranes the peak fractions were collected from the gradients. The membranes were isolated and examined in the electron microscope after ultrathin sectioning and negative staining (Caliguiri & Tamm, 1970a; Rosenberg et al., 1979) .
RESULTS
The la~ent period of ME virus replication is shortened when ME virus superinfeets cells
infected with poliovirus ReplicatiL, n of ME virus was investigated in HEp-2 cells which were preinfected with poliovirus. Reproduction of the preinfecting poliovirus was in~aibited by guanidine throughout the whole experiment. Under these conditions the latent period of ME virus reproduction was shortened by up to 3 h depending on the duration of preinfection with poliovirus ( Fig. 1) . The latent period of ME virus was 7 h in a single infection and was not influenced by guanidine. However, the latent period of ME virus reproduction was shortened by 1 h when cells were infected simultaneously with poliovirus and ME virus. After a 2 h preinfection with poliovirus the latent period was shortened by 3 h. More than 2 h preinfection did not result in further shortening of the latent period of ME virus. This influence on the replication of ME virus was observed only when the replication of poliovirus was suppressed by guanidine. Omission of guanidine in these superinfection experiments resulted in propagation of poliovirus and suppression, by interference, of ME virus replication (data not shown).
Poliovirus is not rescued after superinfection
To confirm that the progeny virus after superinfection was exclusively ME virus irrespective of the duration of preinfection with poliovirus, the following criteria were used for the differentiation of ME virus and poliovirus. (i) The efficiency of plaque formation of the ME virus progeny was determined by titration in the presence of DEAE-dextran (obligatory for plaque formation by ME virus in this system) and/or guanidine (Table 1) . In controls, poliovirus and ME virus used for the initial inoculations were titrated under the same conditions; only in the presence of DEAE-dextran were the ME virus progeny or the ME virus inoculum able to form plaques (Table 1 a), whereas the titre of the poliovirus inoculum was unchanged by DEAE-dextran. When titration was performed in the presence of DEAEdextran and guanidine the ME virus progeny and the ME virus inoculum formed as many --6 -4--3-2 0 2 4 6 8 10 12 Time after ME virus infection (h) Fig. 1 . Shortening of the latent period of ME virus reproduction depending on the duration of preinfection with poliovirus in the presence of guanidine. ME, Single infection with ME virus (control) (O, without guanidine; O, with guan~dine); Po, simultaneous infection wltn polio and ME viruses (x); P-2, 2 h preinfection with poliovirus prior to ME virus superinfection (O); P-3, 3 h preinfection with poliovirus prior to ME virus superinfection ([2); P-4, 4 h preinfection with poliovirus prior to ME virus superinfection (T); P-6, 6 h preinfection with poliovirus prior to ME virus superinfection (V). Plaque titration was performed on HEp-2 cells in the presence of 0.01% DEAE-dextran.
plaques as in the presence of DEAE-dextran alone (Table 1 b ). Plaque formation of poliovirus, however, was almost totally reduced by guanidine. When guanidine without DEAE-dextran was present, the poliovirus inoculum formed hardly any plaques, while the ME virus inoculum and progeny were totally suppressed (Table 1 c). Titration in the absence of both additives did not allow plaque formation of the ME virus inoculum and progeny (Table 1 d) ; the efficiency of plaque formation of poliovirus was not influenced under this condition. (ii) Inactivation studies were carried out by treating the ME virus progeny and the inocula of ME and poliovirus with 0.1 M-NaC1 at pH 6 prior to titration. According to Rueckert (I 971) ME virus is inactivated under these conditions. By this differentiation it could be shown that only the ME virus progeny and the ME virus inoculum were strongly reduced in their efficiencies of plaque formation (Table I e). (iii) Neutralization studies with antibodies specific for poliovirus revealed that the ME virus progeny is antigenically distinct from poliovirus (Table l f): antibodies against poliovirus did not neutralize the ME virus progeny.
After each period of preinfection with poliovirus the ME virus progeny had the same infectious properties as the ME virus inoculum. This was regarded as proof that only ME virus was reproduced after superinfection.
Modification of a poliovirus-induced membrane complex by the superinfecting ME virus
Cytoplasmic membranes are involved in the reproduction of picornaviruses (for review, see Levintow, 1974) . To determine whether the change in the replication of ME virus after superinfection is correlated with a change of subcellular structures, cytoplasmic membranes were examined. The optimal conditions for superinfection were chosen according to the reproduction kinetics (Fig. 1) . The total duration of infection (8 to 10 h)was divided into a 4 h ~.~, * Poliovirus and ME virus used for the inoculations as well as the progeny after superinfection (2 h preinfection with poliovirus prior to a. 10 h superinfection with ME ~, virus) were plaque titrated under different conditions. The agar was supplemented by the additives shown. ~" In order to selectively inactivate ME virus the virus samples were pretreated with 0-1 M-NaCI pH 6 prior to plaque titration in the presence of DEAE-dextran.
:[: The antigenicity of the virus samples (100 TCIDs0 ) was proved with anti-poliovirus antisera by micro-neutralization assay. § 9.8 × 103 p.f.u./ml corresponded to residual parental poliovirus of the inoculum. Modification of a poliovirus-induced membrane complex into an ME virus-specific complex by superinfecting ME virus. The sedimentation coefficients of the membrane complexes after sucrose density-gradient centrifugation were determined by comparison with markers (poliovirus, 150S; phage TT, 487S; phage T2, 700S) according to Martin & Ames (1961) . Peaks in the heavy part of the gradients represent cell debris; peaks in the light part represent ribosomes. In the upper part of each panel the mode and time of infection are indicated by arrows: P = poliovirus, P + G = poliovirus in the presence of guartidine, ME = ME virus, ME + G = ME virus in the presence of guanidine, H = harvest, M = mock-infected. Polio-induced membranes exploited by ME virus 271 period of preinfection with poliovirus and a subsequent period of superinfection with ME virus for 4 to 6 h. Under these conditions the maximum effect of poliovirus on the latent period of ME virus replication is ensured (Fig. 1 ) and the replication of ME virus at membranes should be well advanced at the beginning of the exponential phase. Poliovirus induced a membrane complex of 470S, when cells were singly infected with poliovirus for 8 h in the presence of guanidine (Fig. 2 a) as analysis of cytoplasmic membranes by centrifugation in sucrose gradients revealed. This complex, called 'light' complex, was present neither in cells singly infected with poliovirus for 8 h in the absence of guanidine nor in mock-infected cells; a complex of 550S could be detected in the poliovirus-infected cells (Fig.  2f) , whereas in the case of mock-infected cells membranes had significantly lower sedimentation coefficients (220S to 400S; Fig. 2e ). When cells preinfected with poliovirus were superinfected with ME virus in the presence of guanidine, the 'light' complex was successively modified into a 'heavy' complex specific for ME virus; after preinfection with poliovirus for 6 h and superinfection with ME virus for another 2 h the 'light' complex shifted to a heavier part of the gradient (Fig. 2 b) and banded with 570S near the typical position of a complex (550S) that was induced at 4 h after a single infection with ME virus (Fig. 2g) . When preinfection lasted for 4 h and superinfection for an additional 4 h, the complex had a sedimentation coefficient of 620S (Fig. 2 c) . A 'heavy' complex of 700S was induced after a 4 h preinfection, when the duration of superinfection was prolonged up to 6 h (Fig. 2 d) . Such a 'heavy' complex was also induced after single infection with ME virus in the absence of guanidine, but not earlier than 8 h after infection (Fig. 2 h) . As the formation of the 'heavy' membrane complex specific for ME virus was accelerated by preinfection with poliovirus it was concluded that in the superinfection experiments ME virus is reproduced with a shortened latent period by exploiting the preexisting 'light' complex induced by poliovirus. Each of the complexes described above had typical properties of cellular membranes. (i) By using the method of Penman et aL (1963) the homogenized singly infected or superinfected cells were treated with the detergent sodium deoxycholate (DOC) prior to centrifugation on sucrose gradients. After this treatment each of the complexes was totally dissociated (data not shown). (ii) The virus-induced complexes were isolated and analysed by electron microscopy. The complexes had a unique vesicle-like structure characteristic of smooth cytoplasmic membranes, which is in accordance with data described for membranes of cells infected with poliovirus or EMC virus (Caliguiri & Tamm, 1970a; Rosenberg et aL, 1979) .
DISCUSSION
In this paper we have shown that poliovirus, when inhibited by guanidine, induces a membrane complex in HEp-2 cells. By exploiting and modifying this complex the reproduction of mixedly infecting ME virus was accelerated. The latent period of ME virus reproduction was shortened by as much as 3 h, when the cells were preinfected with poliovirus for 2 h or longer and by 1 h when poliovirus and ME virus were applied simultaneously (Fig.  1) .
Irrespective of the duration of preinfection with poliovirus only ME virus was reproduced in the presence of guanidine. This could be concluded from several criteria. (i) In the earlier studies of our group which first gave evidence for shortening of the latent period of superinfecting ME virus, the ME virus progeny after superinfection was plaque-titrated successfully on the murine L-cell strain (Diefenthal et al., 1973) , since this cell strain is permissive for ME virus but non-permissive for poliovirus. (ii) The present investigation (Table 1) revealed that the ME virus progeny can be plaque-titrated on HEp-2 cells in the presence of guanidine, which inhibits the replication of poliovirus (Baltimore et al., 1963; for review, see Seghal & Tamm, 1980) . However, the presence of DEAE-dextran was a prerequisite for plaque formation of ME virus progeny while the ability of poliovirus to form plaques was unaffected by the dextran. (iii) Treatment with 0-1 M-NaCI at pH 6 inactivated 272 H. ZEICHHARDT, K-O. HABERMEHL AND W. DIEFENTHAL the ME virus progeny which is a typical property of ME virus and all other cardioviruses (Rueckert, 1971) . (iv) The infectivity of the ME virus progeny was not neutralized by antisera against poliovirus. Taking these arguments as a whole the possibility that the superinfecting ME virus rescues poliovirus by complementation can be ruled out. Therefore, phenotypic mixing or genetic recombination as prerequisites for formation of hybrid viruses with structural properties of both viruses can be excluded. For other picornaviruses, however, there have been reports of genetic recombination (Hirst, 1962; Ledinko, 1963; Cooper, 1968; Pringle et al., 1970) , phenotypic mixing (Itoh & Melnick, 1959; Ledinko & Hirst, 196 I; Cords & Holland, 1964 b; Ikegami et al., 1964; Wecker & Lederhilger, 1964a; Trautman & Sutmoller, 1971) , and eomplementation (Agol & Shirman, I964; Cords & Holland, 1964c; Ikegami et al., 1964; Cooper, 1965) . Complementation was responsible for the only case of shortening of the latent period of a virus in mixed infections with enteroviruses so far observed (Wecker & Lederhilger, 1964b) . In the presence of guanidine, mixed infections with a guanidine-sensitive strain of poliovirus type 1 or 3 for preinfection and a guanidine-resistant strain of poliovirus type 3 for superinfection resulted in growth of both viruses and shortening of the latent period of the superinfecting virus; this was a consequence of the utilization of the RNA polymerase of the guanidine-resistant virus for the reproduction of both viruses.
Neither complementation nor shortening of the latent period have been documented for superinfections with picornaviruses of different genera. McCormick & Penman (1968) reported that the enterovirus, poliovirus, remained suppressed and the cardiovirus, mengovirus, was normally reproduced when HeLa cells were preinfected with poliovirus in the presence of guanidine and subsequently superinfected with mengovirus.
Involvement of cytoplasmic membranes in picornavirus replication has been well established for polio and EMC viruses (Caliguiri & Tamm, 1970 a, b; Rosenberg et al., 1979) . Viral protein synthesis takes place on rough membranes, whereas viral RNA replication and viral maturation are located on smooth membranes (Caliguiri & Compans, 1973; Yin, 1977) which are extensively proliferated after infection with these viruses. Proliferation of smooth membranes, although reduced, even takes place in the presence of guanidine after infection with poliovirus (Caliguiri & Tamm, 1970a) . This latter result is in accordance with our observation (Fig. 2 ) that in the presence of guanidine, poliovirus induces a membrane complex of 470S although modification of preexisting membranes cannot be ruled out. This 470S complex, called 'light' complex, is successively modified into a 'heavy' complex of 700S that is specific for ME virus-infected cells. Both superinfection and single infection with ME virus result in the appearance of the 700S complex via the formation of complexes with intermediate S values. As in preinfected cells the intermediate complexes as well as the final 'heavy' one are established earlier than in non-preinfected cells, we conclude that the accelerated modification of the membrane complex directly correlates to the accelerated replication of ME virus in the superinfection. Exploitation of the preexisting 'poliovirus/guanidine'-induced complex for ME viral replication could be the most appropriate explanation for this observation.
In preliminary communications of these data (Habermehl et al., 1978; Zeichhardt et al., 1980) we presented S values for the particular complexes which differed from those reported here. In a series of experiments we found that the S values of the respective complexes may vary (+_ 20%). The cells so far have not been synchronized, and the variation in S values might reflect a different status of the ceils from one experiment to the other. Nevertheless, the induction of a 'light' complex induced by poliovirus and its modification into a 'heavy' ME virus-specific complex after superinfection has always been observed.
The helper function of poliovirus on the reproduction of superinfecting ME virus can be demonstrated only in cells infected with poliovirus in the presence of guanidine, i. Polio-induced membranes exploited by ME virus 273 conditions when poliovirus, although inhibited in its replication, induces a shut-off of cellular protein and RNA synthesis Penman & Summers, 1965; Willems & Penman, 1966; Diefenthal et al., 1971; Helentjaris & Ehrenfeld, 1977) . This throws light on some questions on the status of the cell after shut-off in our superinfection system. In spite of ignorance about the initial viral signal for cellular shut-off and induction of membrane proliferation, we can demonstrate that under shut-off conditions the cellular synthesizing capacity is well preserved for a long time after infection. Cells preinfected with poliovirus under guanidine for as long as 6 h do not lose their ability to reproduce superinfecting ME virus, but, in fact, facilitate its reproduction. This observation is in accordance with the fact that, in spite of virus-induced shut-off, parts of the cellular synthesizing apparatus are still capable of considerable activity (for review, see Lucas-Lenard, 1979 ).
